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UDWHVDUHJHQHUDWHG LQ WKHEXLOGLQJSURFHVVZKLOH WKHDFWXDOFURVVVHFWLRQRI WKHSDUW LVPHOWHGE\D&2ODVHU%\
KHDWLQJWKHPDWHULDOZLWKDODVHUDWHPSHUDWXUHRIWKHPROWHQPDVVLVUHDFKHGWKDWLVPXFKKLJKHUWKDQWKHPHOWLQJ

1RPHQFODWXUH
$/ $UHDRIWKHODVHUEHDP
GI )RFXVGLDPHWHU
( (QHUJ\GHQVLW\
3/ /DVHUSRZHU
W/ /DVHULPSDFWWLPH

WHPSHUDWXUHRIWKHPDWHULDO6FKPLG,QFRQWUDVWWRWKDWWKHFRROLQJUDWHGXULQJWKHFRQVROLGDWLRQVXESURFHVV
LV WHQGLQJ WR ]HUR 6LQFH WKH SURSHUWLHV RI SRO\PHUV DUH WR D JUHDW H[WHQW WLPH DQG HQHUJ\ GHSHQGHQW PHOWLQJ
NLQHWLFVDUHHVVHQWLDOLQRUGHUWRXQGHUVWDQGWKHEHKDYLRURIDPDWHULDOGXULQJWKHSURFHVV7KHLQWHUYDORIWKHPHOWLQJ
SHDNWHPSHUDWXUHDQGWKHFU\VWDOOL]DWLRQWHPSHUDWXUHGHWHUPLQHVWKHSURFHVVZLQGRZRI6/6EXWLWLVGHSHQGHQWRQ
WKHKHDWLQJDQGFU\VWDOOL]DWLRQUDWH$OVFKHU7KHUHIRUHWKHUPDODQDO\VLVLVLPSRUWDQWWRDFTXLUHNQRZOHGJH
RI WKHEHKDYLRXURIDPDWHULDOXQGHUFHUWDLQKHDWLQJDQGFRROLQJUDWHV8SWRQRZWKHERXQGDU\FRQGLWLRQVRI WKH
6/6SURFHVVKDYHQRWEHHQVHL]DEOHE\FRQYHQWLRQDOWKHUPDODQDO\VLVPHWKRGV%\XVLQJD/DVHU+LJK6SHHG'6&
D6/6SURFHVVFDQEHLPLWDWHGLQDVPDOOVFDOHVLQFHWKHVDPSOHLVGLUHFWO\KHDWHGE\DODVHU6RWKHKHDWLQJUDWHVDUH
VLPLODUWRWKHSURFHVVDQGIUHHO\FRQILJXUDEOHGHSHQGHQWRQWKHODVHUH[SRVXUHWLPHDQGODVHUSRZHU,QWKLVSDSHU
WKHQHZPHDVXULQJPHWKRGZKLFKDOORZVDSURFHVVRULHQWHGWKHUPDODQDO\VLVRIWKHSRO\PHULQWKH6/6SURFHVVLV
LQWURGXFHGDQGWKHSHUIRUPDQFHLVWHVWHGRQLWVUHSURGXFLELOLW\7KHQHZV\VWHPPDNHVWKHTXDQWLILFDWLRQRIVDPSOH
WHPSHUDWXUHVDQGKHDWLQJUDWHVSRVVLEOHZKLFKDUHDFKLHYHGLQWKHSURFHVV7KH/DVHU+LJK6SHHG'6&LVDXQLTXH
VHOIGHYHORSHGDQGWKHUHIRUHQRWFRPPHUFLDOPHDVXULQJPHWKRGVRLWKDVQRWEHHQSRVVLEOH WRFRQGXFWDSURFHVV
RULHQWHGWKHUPDOFKDUDFWHUL]DWLRQVRIDU,QYHVWLJDWLRQVRIWKHFRPPHUFLDOO\DYDLODEOH)ODVK'6&KDYHVKRZQWKDW
UHRUJDQL]DWLRQSKHQRPHQDDQGPHWDVWDELOLWLHVRI WKHSRO\PHUFDQEHPHDVXUHG0DWKRW3\GDHWDO ,I WKH
KHDWLQJUDWHLVORZPHWDVWDEOHVWUXFWXUHVRISRO\DPLGHVWHQGWRIRUPVWDEOHVWUXFWXUHVHJWKLFNODPHOODHGXHWRWKH
ORQJ SHULRG RIPHOWLQJ WLPH$W DQ LQFUHDVHG KHDWLQJ UDWH D UHFU\VWDOOL]DWLRQ SURFHVV FDQQRW WDNH SODFH DQ\PRUH
(KUHQVWHLQ5LHGHOHWDO7KHKHDWLQJUDWHKDVDQLQIOXHQFHRQWKHWHPSHUDWXUHLQWHUYDORIWKHPHOWLQJSRLQW
DQGWKHFU\VWDOOL]DWLRQSRLQW$OVRWKHIRUPDWLRQRIWKHPHOWLQJDQGFU\VWDOOL]DWLRQSHDNLVLQIOXHQFHGDOWKRXJKWKH
SHULRGRI WLPHRI WKHPHOWLQJRU FU\VWDOOL]DWLRQH[FHHGV WKHDFWXDO WUDQVLWLRQ WHPSHUDWXUH$ UHDVRQ IRU WKDW LV WKH
KLJKHU PRELOLW\ RI SRO\PHU FKDLQV ZLWK DQ LQFUHDVLQJ WHPSHUDWXUH DQG FRQQHFWHG WR WKDW WKH GHFUHDVH RI SDUWLDO
YDOHQFH IRUFHV $OVFKHU  0RUHRYHU LW ZDV GHPRQVWUDWHG WKDW D YDULDWLRQ RI WKH FRROLQJ UDWH GUDVWLFDOO\
LQIOXHQFHV WKH FU\VWDOOL]DWLRQ EHKDYLRXU RI SRO\DPLGH +HUHE\ D GHFUHDVH RI WKH FU\VWDOOL]DWLRQ SHDNZLWK DQ
LQFUHDVLQJFRROLQJUDWHFDQEHREVHUYHG$OVRWKHSHDNDUHDLVGHFUHDVHGZKLFKLPSOLHVORZHUFU\VWDOOLQLW\'XULQJ
WKH PHDVXUHPHQW UHFU\VWDOOL]DWLRQ HIIHFWV DUH DYRLGHG EHFDXVH RI WKH YHU\ IDVW KHDWLQJ UDWHV VR WKDW D UHDOLVWLF
PDWHULDOEHKDYLRXUFDQEHLPLWDWHG'UH[OHU:XG\HWDO7KHIRUPDWLRQRIODPHOODHDQGWKHODPHOODWKLFNQHVV
GLVWULEXWLRQLVLQIOXHQFHGE\WKHFU\VWDOOL]DWLRQUDWHLQDJUHDWH[WHQW$OVFKHU
([SHULPHQWDO
2.1. The instrument 
2.1.1. The Laser-High-Speed-DSC 
)RUWKLVVSHFLDOVHWXSRIWKH/DVHU+LJK6SHHG'6&DFRPELQDWLRQRIDFRPPHUFLDO)ODVK'6&IURP0HWWOHU
7ROHGRDQGDQ LQWHJUDWHG ODVHUKHDG LVXVHGVHH)LJ D7\SLFDOKHDWLQJ UDWHVRI WKHFRPPHUFLDO)ODVK'6&
0HWWOHU7ROHGRUDQJHIURP±.PLQZKLOHFRROLQJUDWHVDUHEHWZHHQ±.PLQ7KH
/DVHU+LJK6SHHG'6&DOORZVDWKHUPDOREVHUYDWLRQXQGHUDODVHUEDVHGHQHUJ\LQSXW+HUHDIUHHO\FRQILJXUDEOH
&2ODVHULVXVHGLQRUGHUWRPHOWWKHSRO\PHUVDPSOH7KHUPDOSURFHVVHVLQWKHVDPSOHFDQEHREVHUYHGZKLOHWKH
VDPSOH LV H[SRVHG WR ODVHU UDGLDWLRQ7KLVPHDQV WKDW D6/6SURFHVV LQ D YHU\ VPDOO VFDOH LV LPLWDWHGZKLOH LW LV
WKHUPDOO\DQDO\]HG$WILUVWWKHODVHUEHDPLVGHIOHFWHGE\DPLUURUV\VWHPDQGLVWKXVWDUJHWHGRQWRERWKWKHVDPSOH
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DQGWKHUHIHUHQFHVLWHWRWKHVDPHGHJUHHVHH)LJE$QDSHUWXUHDOORZVDGHIOHFWLRQRIWKHODVHUEHDPHLWKHUWR
WKHUHIHUHQFHVLWHRUWRWKHVDPSOHVLWHZKLFKLVQHFHVVDU\IRUWKHODVHUDGMXVWPHQW7KHUHE\WKHVDPHODVHUSRZHU
RQERWKVLWHVFDQEHJXDUDQWHHG0HDVXULQJ WKH WHPSHUDWXUHGLIIHUHQFHEHWZHHQ WKHVDPSOHDQGUHIHUHQFHVLWH WKH
KHDWIORZFDQEHFDOFXODWHG













2.1.2. Chip sensor 

)RUWKLVPHDVXUHPHQWD0XOWL67$58)66HQVRULVXVHGDWZLQVHQVRUZKLFKLVEDVHGRQWKH0(060LFUR
(OHFWUR0HFKDQLFDO6\VWHPV VHQVRU WHFKQRORJ\ VHH)LJ ,WKDV WKHUPDO HOHPHQWVZKLFK DUHPRXQWHGRQ D
VLOLFRQFDUULHUZLWKDQHOHFWULFFRQQHFWLRQRQDFHUDPLFFDUULHU
7KHWZLQVHQVRUFRQWDLQVDVDPSOHDQGDUHIHUHQFHVLWHPHPEUDQHWKDWDUHPDGHRIVLOLFRQQLWULGHR[LGHZLWKD
WKLFNQHVVRIPDQGDQDUHDRIPP[PP7KHVHQVRULVLQVHUWHGLQDVLOLFRQIUDPH7KHWKLQPHPEUDQHV
JXDUDQWHHKLJKWHPSHUDWXUHDFFXUDF\DQGORZSRZHUQHHG%RWKFRQWDLQWZRUHVLVWDQFHKHDWHUVZKLFKJHQHUDWHWKH
WHPSHUDWXUHSURJUDP7KHVPDOOHUKHDWLQJHOHPHQWFRQGXFWVWKHFRPSHQVDWLRQFRQWUROOLQJG\QDPLFFRPSHQVDWLRQ
FRQWUROOLQJ (LJKW WKHUPRSLOHV DUH SODFHG V\PPHWULFDOO\ DURXQG WKH VDPSOH DQG WKH UHIHUHQFH VLWH ZKHUHE\ WKH
WHPSHUDWXUHLVPHDVXUHGLQUHVSHFWWRWKHVLOLFRQIUDPHVHUYLQJDVDKHDWVLQN3RHO,VWUDWHHWDO
7KHGLDPHWHURIWKHVHQVRUDUHDLVPPIRUHDFKVLWHEXWWKHKHDWLQJDQGFRROLQJWDNHVSODFHRQO\DWDERXWRQH
ILIWKRI WKHVHQVRUDUHD$QDOXPLQXPFRDWLQJDOORZVDKRPRJHQRXV WHPSHUDWXUHGLVWULEXWLRQ0DWKRW3\GDHWDO
 7KHPHOWLQJ ILOP RI WKH VDPSOH FRPSULVHV DQ DUHD RI DERXW PPð GHSHQGLQJ RQ WKH DPRXQW RI WKH
SDUWLFOHVXVHGIRUWKHVDPSOHSUHSDUDWLRQ7KHYDOXHRIPPðLVYDOLGIRUDVDPSOHDPRXQWRIIRXUSDUWLFOHV

)LJ6FKHPDWLFFURVVVHFWLRQRIWKHFKLSVHQVRU0DWKRW3\GDHWDO
)LJD)ODVK'6&ZLWKWKHILWWHGODVHUKHDGE6FKHPDWLFVHWXSRIWKH/DVHU+LJK6SHHG'6&
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2.2. Sample preparation 
7RUHDOL]HVXFKKLJKKHDWLQJDQGFRROLQJUDWHV WKHPDVVRIWKHVDPSOHKDVWREHPLQLPL]HG1RSDQRUVDPSOH
KROGHU LVXVHG WKHVDPSOHPDVVUDQJHV LQEHWZHHQJDQGQJ UHVSHFWLYHO\VR WKHVDPSOH LVQRWZHLJKDEOH+LJK
VDPSOHPDVVHVXVHGLQFRQYHQWLRQDO'6&PHDVXUHPHQWVaPJFRPSDUHGWRWKHYHU\ORZVDPSOHDPRXQWIRU
+LJK6SHHG'6& OHDG WRD WKHUPDO LQHUWLDDWKLJKKHDWLQJ UDWHV DQG WR ORZFKDQJHV LQ WHPSHUDWXUHRI WKH VDPSOH
PDWHULDO'UH[OHU:XG\HWDO)RUWDNLQJDVDPSOHSDUWLFOHVRIDODVHUVLQWHULQJSRZGHUKHUH3$
DUHGLUHFWO\SODFHGRQWKHPLGGOHRIDVHQVRUFKLSXVLQJDKDLUWKDWDGKHUHVWKHSDUWLFOHVGXHWRHOHFWURVWDWLFHIIHFWV
7KHYHU\VPDOOVFDOHVDWVDPSOHKDQGOLQJPDNHDPLFURVFRSHQHFHVVDU\7KH)ODVK'6&UXQVRQHKHDWLQJKHDWLQJ
UDWH.VDQGFRROLQJF\FOHFRROLQJUDWH.VILUVWLQRUGHUWRPHOWWKHSDUWLFOHVVRWKDWDWKLQPROWHQILOP
FRYHUVWKHVHQVRUIRUPD[LPL]LQJWKHDUHDRIWKHUPDOWUDQVIHU0DWKRW3\GDHWDO
7KHXVHGPDWHULDOIRUWKLVH[SHULPHQWLVSRO\DPLGHW\SH3$E\(26*PE+.UDLOOLQJ*HUPDQ\3$
 LV D VWDQGDUGPDWHULDO IRU VHOHFWLYH ODVHU VLQWHULQJDQG LV WKHUHIRUH WKHPRVWXQGHUVWRRGPDWHULDO LQ WHUPVRI
6/67KHIRFXVRIWKHIROORZLQJPHDVXUHPHQWVLVWRILJXUHRXWWKHUHSHDWDELOLW\DQGSHUIRUPDQFHRIWKH/DVHU+LJK
6SHHG'6&7KHUHIRUHIRXUGLIIHUHQWFKLSVHQVRUVDUHXVHGZLWKWKHODVHUKHDGDQGFKLSVHQVRUVDUHHDFKPRXQWHG
WZLFH2QHFKLSVHQVRUFKLSFRQWDLQVWZLFHDVPXFKVDPSOHWKDQWKHRWKHUWZRVHQVRUVLQRUGHUWRILQGRXWDQ\
LQIOXHQFHVRIWKHVDPSOHDPRXQWWKHVDPSOHORDGRIFKLSLVDERXWWKULFHWKHVDPSOHDPRXQWRIFKLSVDQG
 7DEOHVKRZVDQRYHUYLHZRIWKHFKLSVDQGWKHDPRXQWRIVDPSOHHJWKHQXPEHURISDUWLFOHVXVHGIRUWKH
VDPSOHPHOWLQJILOP&KLSVKRZVDODUJHFRYHUDJHRIWKHVDPSOHEHLQJWKHUHVXOWRIDQXQV\PPHWULFDOO\
PHOWLQJ RI WKH VDPSOH +RZHYHU WKH ODUJHVW SDUW RI WKH VDPSOH OLHV RXWVLGH WKH PHDVXULQJ DUHD 7KHUHIRUH WKH
QXPEHURISDUWLFOHVLQWKHUHOHYDQWFKLSVHQVRUDUHDLVDSSUR[LPDWHO\
7KHIRFXVGLDPHWHUGILVPDQGFRYHUVWKHZKROHVDPSOHDUHD
 7DEOH&KLSVHQVRUVXVHGZLWKWKHFRQWDLQLQJVDPSOHDPRXQW

2.3. The measurement 
7KHWHPSHUDWXUHSURJUDPVHH)LJLVVHWWRSURFHVVFRQGLWLRQVVRWKDWWKHODVHUVKRWLVFRQGXFWHGDWZRUNLQJ
WHPSHUDWXUHHJ&7KHILUVWVWHSLVWRKROGWKHWHPSHUDWXUHDW&IROORZHGE\DKHDWLQJVWHSXSWRWKH
WHPSHUDWXUH RI WKH EXLOGLQJ FKDPEHU  &ZLWK D KHDWLQJ UDWH RI . V  ,Q WKH WKLUG SKDVH  WKH
WHPSHUDWXUHRI&LVFRQVWDQW'XULQJWKLVSHULRGRIWLPHWKHODVHULVPDQXDOO\ILUHGZLWKYDULRXVLPSDFWWLPHV
E\DFRQWUROV\VWHP$IWHUZDUGVWKHVHQVRUWHPSHUDWXUHLVFRROHGGRZQWR&ZLWKDUDWHRI.V)RU
GHILQHG LQLWLDO FRQGLWLRQV WKH VDPSOH LVPHOWHG DQG FU\VWDOOL]HG LQ D ODVW VWHS  7KH YDOXHV RI WKH KHDWLQJ DQG
FRROLQJUDWHZHUHFKRVHQIRU WKHVHILUVWPHDVXUHPHQWVVLQFHPHOWLQJDQGFU\VWDOOL]DWLRQHIIHFWVFRXOGEHREVHUYHG
SURSHUO\7KHKHDWLQJDQGFRROLQJUDWHRIIXUWKHULQYHVWLJDWLRQVZLOOEHIXUWKHUFRQYHUJHGWRSURFHVVFRQGLWLRQV

&KLS &KLS &KLS &KLS
6DPSOHDPRXQW
QXPEHURISDUWLFOHV
   
500 μm
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
)LJ7HPSHUDWXUHSURJUDPRIWKH)ODVK'6&
7KHLQLWLDOFRROLQJRIWKHVDPSOHLVSDVVLYHGXHWRWKHHQGRIWKHODVHUVKRWGHSHQGLQJRQWKHODVHULPSDFWWLPH
7KHFRROLQJRIWKHVHQVRUWHPSHUDWXUHLVFDUULHGRXWE\DQH[WHUQDOFRROHU7KHPHDVXULQJFKDPEHULVSXUJHGZLWK
QLWURJHQLQRUGHUWRDYRLGWKHUPDOR[LGDWLRQRIWKHSRO\PHUVDPSOH
%RWKWKHVHQVRUDQGWKHVDPSOHDUHKHDWHGE\D&2ODVHU7KHODVHULVSXOVHGDQGKDVDIUHTXHQF\RIN+]
'HSHQGLQJRQWKHPDWHULDODEVRUSWLRQDQGODVHUSRZHUWKHWHPSHUDWXUHRIWKHVDPSOHLVPHDVXUHGDQGWKHKHDWLQJ
UDWHVDUHFDOFXODWHG'HSHQGLQJRQWKHODVHULPSDFWWLPHDQGWKHODVHUSRZHUWKHVDPSOHWHPSHUDWXUHDVZHOODVWKH
KHDWLQJUDWHZKLFKLV WKHWHPSRUDOGHULYDWLRQRI WKHFKDQJHLQ WHPSHUDWXUHFDQEHFDOFXODWHG$QH[DPSOHRI WKH
DQDO\]DWLRQRI WKH VDPSOH WHPSHUDWXUH DQGKHDWLQJ UDWH LV VKRZQ LQ)LJ 7KHPD[LPXP VDPSOH WHPSHUDWXUH LV
HYDOXDWHG E\ WKH SHDN YDOXH KHQFH WKHPD[LPXP RI WKH KHDWLQJ UDWH LV WKHPD[LPXP JUDGLHQW RI WKH FKDQJH LQ
WHPSHUDWXUH0DWKHPDWLFDOO\VHHQWKHFRROLQJSRLQWHJWKHHQGRIWKHODVHULPSDFWWLPHLVWKHLQIOHFWLRQSRLQWLQ
WKHGLVSOD\RIWKHKHDWIORZFXUYH


)LJ$QDO\]DWLRQVFKHPHRIPD[LPXPVDPSOHWHPSHUDWXUHOHIWDQGKHDWLQJUDWHULJKW
2.4. Design of experiment 
7KH UHSHDWDELOLW\ RI WZR PRXQWLQJV RI HDFK FKLS VHQVRU LV HYDOXDWHG DV ZHOO DV WKH LQIOXHQFH RI WKH VDPSOH
DPRXQWVHH 7DEOH  )RU WKDW WKH VDPSOH WHPSHUDWXUH DQG KHDWLQJ UDWH GHSHQGHQW RQ WKH VHW SDUDPHWHUV LV
DQDO\]HG7KHIUHTXHQF\LVI N+]LQDOOFDVHV7KHDUHDRIWKHIRFXVEHDPLVDSSUR[LPDWHO\$/ PPð:LWK
HTXDWLRQWKHHQHUJ\GHQVLW\(FDQEHFDOFXODWHG

ܧ ൌ ௅ܲ
ή ݐ௅
ܣ௅


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
7KHGHVLJQRIH[SHULPHQWV LVVKRZQLQ     7DEOH7KUHHVLQJOHPHDVXUHPHQWVZHUHFRQGXFWHGSHUSDUDPHWHU
VHWXSQ 7KHVDPSOHDPRXQWRIHYHU\FKLSVHQVRUZDVYDULHGDVVKRZQLQ 7DEOH
7DEOH9DULHG3DUDPHWHUV3/ODVHUSRZHUW/ODVHUH[SRVXUHWLPH
1XPEHURIFKLSVHQVRUV 
1XPEHURIPRXQWLQJVSHUFKLSVHQVRU 
3/>:@ 
W/>PV@ 

:HJQHU :HJQHU  GHVFULEHV DQ HQHUJ\ GHQVLW\ RI (    -PP DV WKH VWDQGDUG YDOXH LQ LQGXVWULDO
DSSOLFDWLRQ7KHSDUDPHWHUVDVVKRZQLQ7DEOHZHUHFKRVHQLQRUGHUWRWHVWWKHORZHUDQGXSSHUERXQGDU\RI
LQGXVWULDOXVHGHQHUJ\GHQVLWLHV7KHSDUDPHWHUVHWXSRI3/ :DQGDODVHULPSDFWWLPHRIW/ PVUHVXOWVLQDQ
HQHUJ\GHQVLW\RI( -PP3/ :DQGW/ PVHTXDOV( -PP&RPSDUDEOHWRWKHVWDQGDUG
HQHUJ\GHQVLW\RI( -PPLVWKHSDUDPHWHUVHWXSRI3/ :DQGW/ PVZKLFKUHVXOWVLQ( -
PP
5HVXOWVDQGGLVFXVVLRQ
3.1.  Determination of temperature 
)RUHDFKFKLSVHQVRUWKHVDPSOHWHPSHUDWXUHGHSHQGHQWRQWKHODVHUSRZHUDQGWKHODVHULPSDFWWLPHLVPHDVXUHG
7KHUHVXOWVIRUFKLSDQGZKLFKERWKFRQWDLQSDUWLFOHVDVDVDPSOHDUHVKRZQLQ)LJ:LWKLQFUHDVLQJODVHU
SRZHUDQGODVHULPSDFWWLPHDVLJQLILFDQWULVHRIWKHVDPSOHWHPSHUDWXUHFDQEHVHHQZKLFKLVGXHWRDKLJKHUHQHUJ\
LQSXW7KHVLQJOHUHSHDWVRIPHDVXUHPHQWVQ ZLWKLQRQHPRXQWLQJRIDVHQVRUFKLSVKRZDKLJKUHSURGXFLELOLW\
7KHFRPSDULVRQRIWKHORZHUODVHUSRZHUFXUYHVHJ:DQG:RIFKLSDQGDVZHOODVWKHFRPSDULVRQRI
WZRPRXQWLQJVRIRQHFKLSVHQVRUOHDGWRUHSHDWDEOHUHVXOWV1HYHUWKHOHVVWKHDYHUDJHWHPSHUDWXUHRIFKLSQR
DW3/ :DQGLPSDFWWLPHRIPVLVKLJKHUWKDQWKHWHPSHUDWXUHRIFKLSDWWKHVDPHSDUDPHWHUVHWXS


)LJ6DPSOHWHPSHUDWXUHVRIFKLSOHIWDQGULJKWGHSHQGHQWRQODVHULPSDFWWLPHWDQGODVHUSRZHU3/
$OVRWKHYDULDQFHDWWKDWSDUDPHWHUVHWXSLVWKHKLJKHVWZKLFKPLJKWEHGXHWRWKHIDFWWKDWWKHVDPSOHDPRXQWRI
FKLSLVQHYHUWKHOHVVKLJKHUWKDQFKLSEHFDXVHRIWKHXQV\PPHWULFDOPHOWLQJ6RWKHORZVDPSOHDPRXQWRIFKLS
PLJKWOHDGWRDQLQFUHDVLQJZDUPLQJRIWKHVHQVRUEHFDXVHLWFDQQRWDEVRUEWKHHQHUJ\FRPSOHWHO\7KHPD[LPXP
HUURURIFKLSLV7KHODUJHYDULDQFHDWDSDUDPHWHUVHWXSZLWKDKLJKHQHUJ\LQSXWPLJKWDOVREHDUHVXOWRIWKH
VDPSOH¶VZDUPWKLPEDODQFHHJWKHHQHUJ\LQSXWLVKLJKHUWKDQWKHHQHUJ\UHOHDVHRUYLFHYHUVD
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7KH \LHOGHG WHPSHUDWXUHV RI  & PLJKW KDYH DQ LQIOXHQFH RQ PDWHULDO GHJUDGDWLRQ ZKLFK FRXOG EH
FKHFNHG E\ GULYLQJ DQ DGMDFHQW '6&FXUYH &KDQJHV LQ WKH FU\VWDOOL]DWLRQ WHPSHUDWXUH RU WKH PHOW WHPSHUDWXUH
UHYHDOPDWHULDOGHJUDGDWLRQ
7KHUHVXOWVRIWKHWHPSHUDWXUHGHWHUPLQDWLRQVRIFKLSDQGZKLFKFRQWDLQWZRFKLSDQGWKUHHWLPHVFKLS
WKHVDPSOHDPRXQWRIFKLSDQGUHVSHFWLYHO\DUHVKRZQLQ)LJ


)LJ6DPSOHWHPSHUDWXUHVRIFKLSOHIWDQGULJKWGHSHQGHQWRQODVHULPSDFWWLPHWDQGODVHUSRZHU3/
7KHDYHUDJHWHPSHUDWXUHUHVXOWVRIFKLSDQGDUHFRQVLVWHQWWRWKHUHVXOWVRIFKLSDQG$QLQFUHDVLQJODVHU
SRZHU DQG ODVHU LPSDFW WLPH OHDGV WR D KLJKHU VDPSOH WHPSHUDWXUH ZKHUHE\ WKH YDULDQFH DOVR LQFUHDVHV 7KH
PD[LPXPHUURURI FKLS LV DQGRI FKLS$Q LQIOXHQFHRI WKH VDPSOH DPRXQW FDQQRW EH VHHQ7KH
FRPSDULVRQRIWKHDYHUDJHWHPSHUDWXUHVGHSHQGHQWRQWKHODVHUSRZHUDQGLPSDFWWLPHRIFKLSVWRLVUHSUHVHQWHG
LQ)LJ7KLVGLDJUDPVKRZVWKDWWHPSHUDWXUHVXSWR&DUH\LHOGHGZLWKWKHVWDWHGSDUDPHWHUV


)LJ&RPSDULVRQRIWKHDYHUDJHWHPSHUDWXUHVRIFKLSGHSHQGHQWRQWKHODVHULPSDFWWLPHDQGODVHUSRZHU3/
,QIRUPHULQYHVWLJDWLRQV:HJQHU:HJQHUPHDVXUHGDPD[LPXPPHOWWHPSHUDWXUHRIDERXW&DWDQ
HQHUJ\ GHQVLW\ RI (    - PP ,Q WKH /DVHU+LJK6SHHG'6& PHDVXUHPHQWV DV VKRZQ LQ )LJ  D
WHPSHUDWXUHRIDSSUR[LPDWHO\&LVUHDFKHG7KLVLQGLFDWHVWKDWWKHPHDVXUHGWHPSHUDWXUHVE\WKH/DVHU+LJK
6SHHG'6&OLHZLWKLQDUHDOLVWLFPDJQLWXGHRIRUGHU
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7KH KLJKHU WKH HQHUJ\ LQSXW WKH KLJKHU LV WKH XQFHUWDLQW\ RI WKH GHWHUPLQHG YDOXHV 7KH FRPSDULVRQ RI WKH
DYHUDJHYDOXHVRIWKHIRXUFKLSVHQVRUVOHDGVWRDPD[LPXPHUURURI
7KHUHLVDWHPSHUDWXUHGHSHQGHQFHRIWKHRSWLFDOSURSHUWLHVLQWKHPHOWZKLFKOHDGVWRDFKDQJHRIDEVRUSWLRQ
UHIOHFWLRQDVZHOODVWUDQVPLVVLRQ7KHEHDPPDWHULDOLQWHUDFWLRQLVHVVHQWLDOLQWKHVHOHFWLYHODVHUVLQWHULQJSURFHVV
6R LI WKH WUDQVPLVVLRQ LV LQFUHDVHGPRUHHQHUJ\ZLOOEH WUDQVIHUUHG WKURXJK WKHDFWXDOPDWHULDO OD\HURQWRGHHSHU
SRZGHU OD\HUV LQ WKH SURFHVV 6FKPLG $QDORJRXVO\ LW LV QRW FHUWDLQ KRZPXFK HQHUJ\ LV DEVRUEHG LQ WKH
VDPSOHPDWHULDOLQWKH/DVHU+LJK6SHHG'6&H[SHULPHQWDQGWRZKLFKH[WHQWWKHODVHUEHDPLVGLUHFWO\WUDQVIHUUHG
RQWKHVHQVRUDQGOHDGVWRDZDUPLQJWKHUH7KHH[SHULPHQWDOVHWXSRIWKH/DVHU+LJK6SHHG'6&GRHVQRWDOORZD
GHWHUPLQDWLRQRQEXONJRRGVGXHWRWKHORZVDPSOHDPRXQWDQGWKHQHHGHGDGKHUHQFHRQWKHFKLSVHQVRU$QRWKHU
UHDVRQIRUWKHXQFHUWDLQW\RIWKHYDOXHVDUHLQWHUIHUHQFHVRQWKLQOD\HUV7KHFRKHUHQWSDWKRIUD\VRIWKHODVHUEHDP
LVILUVWGHIOHFWHGRQWKHPHOWLQJILOPRIWKHVDPSOHDQGWKHQRQWKHVHQVRU7KLVUHVXOWVLQVXSHUSRVLWLRQRUH[WLQFWLRQ
RIWKHSDWKRIUD\VUHVSHFWLYHO\
3.2. Determination of the heating rate 
7KHWHPSRUDOGHULYDWLRQRIWKHFKDQJHLQWHPSHUDWXUHLVWKHKHDWLQJUDWHZKLFKFDQDOVREHFDOFXODWHGE\XVLQJ
WKH/DVHU+LJK6SHHG'6&
7KHKHDWLQJUDWHVWKDWDUHPHDVXUHGZLWKFKLSVHQVRUDQGDUHVKRZQLQ)LJ
)LJ+HDWLQJUDWHVPHDVXUHGE\FKLSOHIWDQGULJKWGHSHQGHQWRQODVHULPSDFWWLPHWDQGODVHUSRZHU3/
7KHUHVXOWVRIWKHGHWHUPLQDWLRQRIWKHKHDWLQJUDWHVVKRZDQLQFUHDVHIURPDQLPSDFWWLPHRIW PVWRPV$
ORQJHU LPSDFW WLPHGRHVQRW OHDG WRD IXUWKHU LQFUHDVHEXW WRD VDWXUDWLRQ LQVWHDG$FRPSDULVRQRIFKLSDQG
VKRZVUHSURGXFLEOHUHVXOWVIRUWKHFXUYHVRI3/ DQG:$VDWXUDWLRQYDOXHRI.PLQLVUHDFKHGDW3/
 :LQERWKFDVHV7KHYDOXHVRI3/ :RIFKLSDUHDERXWKLJKHUWKDQWKHRQHVRIFKLS$OVRWKH
YDULDQFHRIFKLSDW:LVPXFKODUJHULQFRPSDULVRQWRFKLSDQGWRORZHUODVHUSRZHUZLWKLQWKHVDPHFKLS
7KHPD[LPXPHUURURIFKLSLV
$IXUWKHUFRPSDULVRQZLWKFKLSQXPEHURIVDPSOHSDUWLFOHV DQGFKLSQXPEHURIVDPSOHSDUWLFOHV 
 VKRZ WKH VDPHDYHUDJH VDWXUDWLRQYDOXH DV FKLS DW3/ :DW DURXQG.PLQZLWK D VWLOO
FRQVLGHUDEOHHUURU7KHPD[LPXPHUURURIFKLSLVDQGRIFKLS

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
)LJ+HDWLQJUDWHVPHDVXUHGE\FKLSOHIWDQGULJKWGHSHQGHQWRQODVHULPSDFWWLPHWDQGODVHUSRZHU3/
7KHYDOXHVRIORZHUODVHUSRZHUVVKRZDKLJKUHSURGXFLELOLW\7KHKLJKYDOXHVRIWKHKHDWLQJUDWHVRIFKLSDUH
UHVXOWV RI WKH ORZ VDPSOH DPRXQW VLQFH WKH HQHUJ\ LQSXW LV KLJKHU 5HFDSLWXODWRU\ WKH KHDWLQJ UDWHV ULVH ZLWK
LQFUHDVLQJODVHUSRZHUDQGJRRYHUWRDVDWXUDWLRQOHYHODWDODVHULPSDFWWLPHRIW/ PVZKDWFDQEHREVHUYHGLQ
WKHFRPSDULVRQRIWKHDYHUDJHYDOXHVRIFKLSLQ)LJ


)LJ&RPSDULVRQRIWKHDYHUDJHKHDWLQJUDWHVRIFKLSGHSHQGHQWRQWKHODVHULPSDFWWLPHDQGODVHUSRZHU3/
7KH FDOFXODWHG KHDWLQJ UDWHVPDNH D VWDWHPHQW KRZ IDVW WKHPDWHULDO LQ WKH 6/6 SURFHVV LV KHDWHGZKLOH LW LV
H[SRVHGWRODVHUOLJKW6RWKHKHDWLQJUDWHLVGHSHQGHQWRQWKHODVHUORDG6LQFHWKHSURSHUWLHVRISRO\PHUVDUHYHU\
VHQVLWLYHWRWLPHDQGHQHUJ\EDVHGSURFHVVHVWKHHVWLPDWLRQRIDFTXLUHGKHDWLQJUDWHVLVHVVHQWLDOWRXQGHUVWDQGWKH
PDWHULDO¶VEHKDYLRXUDQGKHQFH WKHSDUWV¶SURSHUWLHV'UXPPHUHW DO 'UXPPHU'UH[OHU HW DOSURYHG WKDW
ZLWKDQLQFUHDVLQJKHDWLQJUDWHWKHVXUIDFHWHPSHUDWXUHDOVRLQFUHDVHV7KHUHDVRQIRUWKLVLVDKHDWDFFXPXODWLRQRQ
WKH VXUIDFH OHDGLQJ WR D GHFUHDVH RI WKH WLPH IRU KHDW WUDQVIHU WR WKH VXUURXQGLQJ SRZGHU EHG LQ WKH SURFHVV
$QDORJRXVO\ZLWKDQLQFUHDVLQJODVHULPSDFWWLPHWKHHQHUJ\FDQQRWEHWUDQVIHUUHGLQWRWKHVDPSOHEXWDFFXPXODWHV
RQWKHVXUIDFHLQVWHDGDQGOHDGVWRDVDWXUDWLRQDIWHUW/ PV
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6XPPDU\DQG2XWORRN
7KH H[SHULPHQWDO VHWXS RI WKH/DVHU+LJK6SHHG'6& LV LQWURGXFHGZKLFK DOORZV D SURFHVVRULHQWHG WKHUPDO
FKDUDFWHUL]DWLRQRIPDWHULDOVXVHG IRU WKHVHOHFWLYH ODVHUVLQWHULQJSURFHVV$FRPELQDWLRQRIDFRPPHUFLDO)ODVK
'6&DQGDIUHHO\FRQILJXUDEOHODVHULPLWDWHWKH6/6SURFHVVLQDYHU\VPDOOVFDOHZKHUHWKHVDPSOHWHPSHUDWXUH
DQGKHDWLQJUDWHGHSHQGHQWRQWKHODVHUSDUDPHWHUVHWFDQEHPHDVXUHG
,QWKLVSDSHUWKHSHUIRUPDQFHDQGWKHUHSURGXFLELOLW\RIILUVWPHDVXUHPHQWVRIWKLVQHZDQGXQLTXHPHWKRGDUH
WHVWHG ,W FRXOGEH VKRZQ WKDWZLWKDQ LQFUHDVHRI WKH ODVHU LPSDFW WLPHDQG ODVHUSRZHU WKH VDPSOH WHPSHUDWXUH
LQFUHDVHV+RZHYHUWKHHUURUDWSDUDPHWHUVHWXSVZKLFKDUHUHVSRQVLEOHIRUDKLJKHQHUJ\LQSXWLVVWLOOKLJK
3RVVLEOHKHDWLQJUDWHV WKDWPLJKWEHDFKLHYHG LQ WKHSURFHVVZKLOH WKHPDWHULDO LVH[SRVHG WR ODVHU OLJKWFDQEH
FDOFXODWHG$VDWXUDWLRQDIWHUDODVHULPSDFWWLPHRIW/ PVWDNHVSODFHDWDOOWHVWHGODVHUSRZHUV7KHYDULDWLRQRI
WKHXVHGVDPSOHDPRXQW OHDGV WR WKHDVVXPSWLRQ WKDWD ORZVDPSOHDPRXQW OHDGV WRDZDUPLQJRI WKHVHQVRU LQD
JUHDWHU H[WHQW GXH WR WKH KLJKHU WUDQVIHU RI WKH ODVHU EHDP WKURXJK WKH VDPSOH$OVR LQWHUIHUHQFHV RQ WKLQ OD\HUV
PLJKWRFFXU1HYHUWKHOHVV WKH/DVHU+LJK6SHHG'6&SHUIRUPVDVDUHSURGXFLEOHPHWKRGIRU WKHUPDOYDOXHV WKDW
RFFXULQWKH6/6SURFHVV<HWQRPHDVXUHPHQWVRQEXONJRRGVDUHSRVVLEOHEXWRQO\SDUWLFOHZLVH
3HUVSHFWLYHO\ WKH LQIOXHQFH RI WKH OD\HU WKLFNQHVV RI WKH VDPSOH ZLOO EH WHVWHG LQ RUGHU WR DFKLHYH D IXOO
DEVRUSWLRQRIWKHODVHUHQHUJ\LQWKHPDWHULDO7KLVZLOOEHFRQGXFWHGE\WKHDSSOLFDWLRQRIPRUHSRZGHUSDUWLFOHVRQ
WKHH[LVWLQJVDPSOHPHOWILOP)XUWKHUPRUHWKHODVHUSDUDPHWHUVDQGWKHWHPSHUDWXUHSURJUDPRIWKH)ODVK'6&ZLOO
IXUWKHU EH DSSURDFKHG WR SURFHVV FRQGLWLRQV 7KH SODXVLELOLW\ RI WKLV QHZ PHWKRG ZLOO EH LQYHVWLJDWHG E\ WKH
FRPSDULVRQRIWKHUHVXOWVZLWKSURFHVVVLPXODWLRQVDQGPHDVXUHPHQWVFRQGXFWHGLQWKHUHDO6/6SURFHVVLQWKHODVHU
VLQWHULQJPDFKLQH$WODVWWKHYLVFRVLW\LQWKHUDQJHRIWKHPHDVXUHGWHPSHUDWXUHVZLOOEHLQYHVWLJDWHG
$FNQRZOHGJHPHQWV
7KHDXWKRUVZDQW WR WKDQNWKH*HUPDQ5HVHDUFK)RXQGDWLRQ')*IRUIXQGLQJ&ROODERUDWLYH5HVHDUFK&HQWHU
&5&VXESURMHFW$
5HIHUHQFHV
$OVFKHU*'DV9HUKDOWHQWHLONULVWDOOLQHU7KHUPRSODVWHEHLP/DVHUVLQWHUQ$DFKHQ8QLYHUVLWlW(VVHQ
'UH[OHU 0 HW DO  (LQIOXVV GHV 3XOYHUDXIWUDJVSUR]HVVHV DXI GHQ VHOHNWLYHQ 6WUDKOVFKPHO]SUR]HVV WKHUPRSODVWLVFKHU .XQVWVWRIIH
57H-RXUQDO)DFKIRUXPIU5DSLG7HFKQRORJLH
'UXPPHU'HWDO'HULYDWLRQRIKHDWLQJUDWHGHSHQGHQWH[SRVXUHVWUDWHJLHVIRUWKHVHOHFWLYHODVHUPHOWLQJRIWKHUPRSODVWLFSRO\PHUV
WK,QWHUQDWLRQDO&RQIHUHQFHRIWKH3RO\PHU3URFHVVLQJ6RFLHW\&OHYHODQG
(KUHQVWHLQ*:HWDO3UD[LVGHUWKHUPLVFKHQ$QDO\VHYRQ.XQVWVWRIIHQ0QFKHQ&DUO+DQVHU9HUODJ
0DWKRW9 HW DO  7KH)ODVK'6& DSRZHU FRPSHQVDWLRQ WZLQW\SH FKLSEDVHG IDVW VFDQQLQJFDORULPHWHU )6&)LUVW ILQGLQJVRQ
SRO\PHUVWKHUPRFKLPLFDDFWD
3RHO*9HWDO3HUIRUPDQFHDQGFDOLEUDWLRQRIWKH)ODVK'6&DQHZ0(06EDVHGIDVWVFDQQLQJFDORULPHWHU-RXUQDORI7KHUPDO
$QDO\VLVDQG&DORULPHWU\
6FKPLG06HOHNWLYHV/DVHUVLQWHUQ6/6PLW.XQVWVWRIIHQ0QFKHQ&DUO+DQVHU9HUODJ*PE+	&R.*
:HJQHU $  7KHRULH EHU GLH )RUWIKUXQJ YRQ $XIVFKPHO]YRUJlQJHQ DOV *UXQGYRUDXVVHW]XQJ IU HLQH UREXVWH 3UR]HVVIXࡇKUXQJ EHLP
/DVHU6LQWHUQYRQ7KHUPRSODVWHQ'XLVEXUJ(VVHQ8QLYHUVLWlW'XLVEXUJ(VVHQ'LVV
:RKOHUV7:RKOHUV5HSRUW$GGLWLYH0DQXIDFWXULQJ6WDWHRIWKH,QGXVWU\)RUW&ROOLQV&RORUDGR:RKOHUV$VVRFLDWHV,QF
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